INTRODUCTION
The genus Chaetomium Kunze consists of 300 described species of well-known cellulose degrading fungi. They are cosmopolitan in distribution and occur on a variety of substrata, including soil and dung, from the tropics to temperate regions.
Since the creation of the genus Chaetomium in 1817 and the introduction of the family Chaetomiaceae in 1885, many taxonomic studies have been conducted to arrange this group of fungi into a suit- Phylogenetic studies of Chaetomium and related genera can reveal the evolutionary history and give the natural relationships among genera from which we can infer a reliable taxonomic system. Consequently, phylogenetic analyses using the ss rDNA have been conducted to assess relationships of Chaetomium and other related genera; the results of these studies are reported here.
MATERIALS AND METHODS
The 30 taxa sampled for this study were chosen based on their position in past and contemporary classifications and their possession of particular morphological characters (TA-BLE I). Among them, 15 isolates were sequenced by the authors and the other species were derived from previous studies (Berbee and Taylor 1992b, Melchers et al 1994, So- The partial small subunit rDNAs were amplified symmetrically using primers NS1 and NS6 (White et al 1990) . Amplifications were performed using the Replicate-Pack Reagent Set (Boehringer Mannheim Co., Indianapolis, Indiana). Reactions were accomplished in a volume of 50 giL in the presence of 0.5 ILM each of primers (NS1 and NS6) and 200 jLM deoxynucleoside triphosphates in 1 X reaction buffer containing 1.5 mM MgCl2, 1.25U of Taq DNA polymerase with 2 piL of templates. The PCR-amplified DNA fragments of all species showed a single band product when examined on an 1% agarose gel.
The amplification reaction for ss rDNA was performed for 40 cycles with an initial denaturation of 2 min at 95 C and a final extension of 10 min at 72 C in a Perkin-ElmerCetus Thermal Cycler (Perkin-Elmer Co., Branchburg, New Jersey). Each cycle consisted of 30 s at 95 C for denaturation followed by 30 s at 55 C for annealing and 45 s at 72 C for extension.
The PCR products were purified from unincorporated nucleotides and primers using a Wizard DNA cleanup kit® (Promega Co., Madison, Wisconsin) following the manufacturer's protocol. Samples were concentrated to a final volume of 25 jiL. Sequencing was performed on an automated DNA Sequencer 373A (Applied Biosystems, Weiterstadt, Germany) by the Taq DyeDeoxi Terminator'® cycle system. The 15 newly sequenced partial ss rDNAs were aligned with other complete or nearly complete ascomycete sequences. The alignment was prepared in the PILEUP computer program (Genetics Computer Group, Madison, Wisconsin), which uses a simplification of the progressive alignment method of Feng and Doolittle (1987) . Gaps were introduced to improve alignments and final alignments were optimized by hand. The alignment has been deposited in TreeBase (http://herbaria.harvard.edu/treebase) as S335 and M438. Sequence alignments were compared and trees were generated with the PAUP (Phylogenetic Analysis Using Parsimony) program version 3.1 to distinguish the possible phylogenetic relationships among isolates (Swofford 1993 ). Due to the large number of taxa, only general heuristic searches were performed. Initial trees were obtained by stepwise addition in which taxa were connected in the simple algorithm. To improve the initial estimate branch swapping was executed with tree bisection reconnection algorithm. Rearrangements were tried a total of 158 226 times. A majority-rule consensus tree was produced from 100 bootstrap replications, and the percentage of times that a group of taxa appeared as a clade in the bootstrapped parsimony trees was obtained (Felsenstein 1985 The pyrenomycetous fungi included in this study formed a monophyletic clade with respect to the plectomycetous outgroups, Em. nidulans and Eu. rubrum. The ingroup consisted of three clades, the Xylariales, the Microascales/Nectriaceae/Hypocreaceae, and the Sordariales. The Microascales/Nectriaceae/Hypocreaceae and the Sordariales clades were supported by bootstrap values of 95% and 100%, respectively and a decay index of >5 steps.
The Microascus clade grouped with the Nectria clade, supported by a 57% bootstrap value, with the Hypocrea clade, including Hypocrea and Hypomyces, as a basal group. The Nectria clade encompassed two genera of the Nectriaceae, Neocosmospora and Nectria. The branch supporting this clade appeared in 96% of the bootstrap replicates and collapsed after four additional steps. The Microascus clade included five taxa sequenced in this study, two Petriella species, one Kernia species, and two Lophotrichus species, plus two published sequences, Microascus cirrosus and Pseudallescheria boydii. These fungi consistently clustered with 100% bootstrap support and a decay index of 5 steps.
The two Coniochaeta species possessing spores with germ slits formed a basal group to the Sordaria and the Chaetomium clades, which were supported as sister clades with a bootstrap confidence value of 98% and decay index of 4 steps. The Sordaria clade, including Podospora, Neurospora, and two Sordaria species, received only 61% bootstrap support. Podospora branched off earlier than Neurospora, followed by the two Sordaria species which were placed together with 89% bootstrap value. The Chaetomium clade contained four Chaetomium species representing morphological diversity within the genus and two Achaetomium species sequenced in this study, and another Chaetomium species from published data. This clade appeared 84 times out of 100 bootstrap replications and collapsed after two more evolutionary steps. Chaetomium aureum and Ch. elatum were grouped together with 63% bootstrap support. The Achaetomium species group received strong statistical support (100% bootstrap). Parsimony indicated a close relationship between the Sordaria and Chaetomium clades. 
_ _ LEE AND HANIIN: CHAETOMIUM PHYLOGENY
Achaetomium as a member of the Chaetomiaceae is recommended based on molecular data presented here. The results showed that Achaetomium was derived from the ancestor of Chaetomium, contray to Cannon's hypothesis (FIGS. 1, 2) . Cannon (1986) proposed that Ac. strumarium, one of the two Achaetomium species included in this study, be transferred to the genus Chaetomium. The molecular data obtained, however, do not support such a transfer, as the two species of Achaetomium grouped together with 100% bootstrap support. The data also suggest that Achaetomium and Chaetomium share a common ancestor (FIG. 1) .
Like Chaetomium, Ascotricha also has been placed in different orders. Although Ascotricha was considered to be closely related to Chaetomium due to its hairy ornamentations and nutritional habit (Ames 1963, Berkeley 1838, Kahn and Cain 1977, Mukerji 1968) , the hairs of Ascotricha are geniculate, unlike those of Chaetomium species. Whiteside (1962a) showed that the filamentous hymenial paraphyses were better developed in Ascotricha than in Ch. globosum. Hawksworth (1971) suggested that Ascotricha was related to the xylariaceous fungi on the basis of ascospore shape and the prominent germ slit; the ascospores of Chaetomium possess germ pores. The close affinity between Ascotricha and species of the Xylariaceae (Alexopoulos et al 1996) is suggested by the centrum structure and the anamorphic states. The Xylariaceae have a filamentous centrum and blastosporous conidial state mostly in Nodulisporium and Geniculosporium, whereas the genus Ascotricha has filiform lateral and hymenial paraphyses in the young centrum (Whiteside 1962a) , and an anamorph in Dicyma, in which conidia also are produced blastically (Hawksworth 1971 ). Laess0e (1994) excluded Ascotricha from the Xylariaceae because of its lack of a stroma, but Ju and Rogers (1996) included it in their key to genera in the family. The placement of the nonstromatic Ascotricha in the Xylariaceae is supported by the molecular data presented here (FIGS. 1, 2). The phylogenetic gene tree revealed that Ascotricha is a descendant of the common ancestor of xylariaceous fungi. The grouping of Ascotricha with Daldinia may be an artifact of the limited number of taxa employed in the analysis. The addition of more xylariaceous taxa to the analysis would better define the relationships and phylogeny of Ascotricha with other members of the Xylariaceae.
Benjamin (1949) included Lophotrichus in the Chaetomiaceae due to the well developed ascomatal hairs, but he also recognized the differences between the members of the Chaetomiaceae and Lophotrichus, such as the more or less submerged habit of the ascomata and the typical long necks of the latter. Whiteside (1962b) provided additional reasons which made a definite taxonomic placement of Lophotrichus difficult. Not only was the development of the ascocarp of Lophotrichus distinctly different from that occurring in Chaetomium, but there are differences in the centrum structure and the ascus as well. He pointed out the similarity of Lophotrichus to Microascus in centrum structure. Malloch (1970) also recognized the close resemblance of Lophotrichus to Microascus longirostris Zukal in general appearance, and transferred the genus Lophotrichus into the family Microascaceae. The ss rDNA sequence data are congruent with morphological and ontogenetic evidence observed by previous researchers, and indicate that Lophotrichus belongs to the Microascus clade with a high degree of confidence (FIG. 2) . The data also suggest that it is the most recently evolved of the species examined. Although the Lophotricaceae was established in the Microascales by Seth (1971) to accommodate the genus Lophotrichus and its species, the retention of Lophotrichus as a member of the family Microascaceae (Alexopoulos et al 1996) is highly supported by rDNA sequence analyses. Lophotrichus were placed with other members of the Microascales in a clade with highly supported bootstrap value.
The genus Petriella develops evanescent asci at all levels within the centrum and releases its reddishbrown ascospores into the central cavity at maturity. Petriella has a Graphium conidial state which is annellidic and thus is very similar to Scopulariopsis, an anamorphic state of Microascus. Although some minor differences in ascogonium and ascogenous hyphae were observed by Corlett (1963 Corlett ( , 1966 , sequence data showed a close relationship between Petriella and Microascus. The mammalian pathogenic fungus, Pseudallescheria and two Petriella species collapsed into a branch supported by 86% bootstrap value.
Malloch and Cain (1971a) placed Kernia as a member of the Microascaceae sensu Malloch (1970), a placement supported by Alexopoulos et al (1996) and Hausner et al (1993) , based on molecular data. This placement also is supported by the data obtained in the present study.
Coniochaeta was described as having asci that may or may not be evanescent, with a phialidic conidial state in Phialophora, and differing from the Sordariaceae in having ascospores with elongated germ slits, a characteristic of many xylariaceous fungi. Malloch and Cain (1971b) removed the genus Coniochaeta from the Sordariaceae to the Coniochaetaceae and suggested including Ascotricha in that family. If Coniochaeta is included as a member of the Sordariaceae the family shows polyphyletic traits, which is not desirable for taxonomic purposes. Accordingly the sep-aration of Coniochaeta in the family Coniochaetaceae is strongly supported on the basis of the molecular data presented here. Although Coniochaeta groups with the Sordaria clade, it is intermediate morphologically in retaining the germ slit and well developed paraphyses of the Xylariales, but lacks the typical stroma and anamorph of this order.
In general, the molecular based relationships generated in this study were more or less consistent with species affinities that can be inferred from morphology, but the placement of some genera with ambiguous characteristics, including Achaetomium, Ascotricha and Lophotrichus, was resolved. The rDNA data broadened the original concept of the Chaetomiaceae, and supplemented morphological data derived from peridial wall structure, ascospores, asci, and ascomata, which by themselves were not sufficient to delimit the Chaetomiaceae.
Based on partial ss rDNA sequence data the genus Chaetomium in its present delimitation is a biological and phylogenetic entity that clearly belongs with the sordariaceous ascomycetes. It is a distinctive genus, as shown by its clear separation from the other genera included in this study. A common lineage for the Chaetomiaceae and the Sordariaceae also was statistically supported. The members of the Sordaria clade are closely related to those of the Chaetomium clade but are distinguished by having persistent asci with apical rings or thickenings and ascospores with gelatinous sheaths, cellular or gelatinous appendages, or ornamentations. Arx et al (1984) considered the ancestor of Chaetomium to be a member of the Sordariaceae with ostiolate ascomata and ascospore ejaculation. The phylogenetic tree generated in this study suggests that the families Chaetomiaceae and Sordariaceae are derived from the same common ancestor and diverged along different evolutionary pathways. The exclusion of Ascotricha from, and the inclusion of Achaetomium in the Chaetomiaceae indicates that ascomatal characters such as sterile hyphae or hairs appear to have been gained and/or lost several times during the evolution of members of the pyrenomycetes, perhaps in response to ecological conditions. Likewise, the separation of Ascotricha and Coniochaeta, both of which possess ascospores with germ slits, indicates that this character has been lost more than once during evolution and that, in itself, this is not a definitive taxonomic character.
The 13 isolates of sordariaceous fungi studied formed a monophyletic taxonomic group, the Sordariales, which branched with high bootstrap support (100%) to form distinct subgroups (FIG. 2) . These subgroups correspond to the families Coniochaetaceae, Sordariaceae, and Chaetomiaceae.
A second well defined clade is the Microascales 
